Abstract The effects of aronia extract (AE) supplementation on the lifespan and age-associated oxidative stress was investigated in the fruit fly Drosophila melanogaster. Supplementation with 2.5 mg/mL of AE (AE 2.5) extended the mean lifespan in D. melanogaster by 18%. AE supplementation significantly improved locomotor activity at both 10 and 40 days. In 40-days-old flies, reactive oxygen species production was significantly lower and accumulation of the lipid oxidation product malondialdehyde had markedly decreased by 49.3% in the AE 2.5 group. The extended longevity and improved locomotion in the AE 2.5 group were probably because of increases in the level of antioxidant enzymes (superoxide dismutase, catalase and glutathione peroxidase) and expression of stress resistance genes (Hsp68, l(2)efl, and Jafrac1). Present study provides the evidence that dietary supplementation with AE extended lifespan and ameliorated age-related oxidative damages in D. melanogaster.
Introduction
Aging is a complex chronological process that is characterized by senescence, which is an indication of a decline in biological functions [1] . An imbalance between the generation of reactive oxygen species (ROS) and the antioxidant defense system in the body leads to oxidative damage, and oxidative stress is known to be a major cause of aging [2] .
The fruit fly Drosophila melanogaster is a suitable model system for studying aging or age-related diseases because of its short lifespan, large number of offspring, and availability at a low cost. In addition, some mechanisms that are responsible for age-related functional decline, including oxidative damage, and disease-causing genes are highly conserved in flies and humans [3, 4] . Polyphenols are widely distributed in fruits and vegetables and they comprise some of the major dietary antioxidants. It has been reported that the consumption of dietary polyphenols improves the antioxidant capacity of the body and provides protection against degenerative diseases and aging by activating endogenous antioxidant defense systems and regulating cellular signaling pathways [5] . Berries are rich source of dietary antioxidants and have attracted considerable attention because they contain significant amounts of anthocyanins. Wu et al. [6] reported that Aronia melanocarpa (choke berry) has higher anthocyanins content and antioxidant capacity compared with other berries such as Ribes grossularia (gooseberry) and Sambucus nigra (elderberry). Aronia also has the highest proanthocyanidins (condensed oligomeric flavan-3-ols) content (1800 ± 370 mg/100 g fresh weight) among 99 selected common food products of plant origin [7] .
The previous studies have shown that anthocyanins from various sources including cranberry [8] , blueberry [9] , and black rice [10] are effective in the extending the mean life span and alleviating of oxidative stresses in a fly model system. Oligomeric proanthocyanidins also exhibit diverse bioactivities including antioxidant, anti-inflammatory and cardio protective activities [11] .
Up to present, various bioactivities of aronia extract (AE) effect have been reported including hepato protective, lipid lowering, and antihypertensive effects [12] but its effects on age-related oxidative stress and possibly on lifespan extension remain unclear. In the present study, we systemically investigated the effects of AE on ROS production, activity of endogenous antioxidant enzymes, lifespan, and expression level of related genes using Drosophila melanogaster model system.
Materials and methods

Materials
Folin-Ciocalteau reagent, 4-(dimethyl) amino cinnamaldehyde, bromophenol blue, sodium azide, 3,5-dichloro-2-hydroxybenzenesulfonic acid, 4-aminoantipyrine, 1, 1, 3, 3-tetramethoxy propane, thiobarbituric acid (TBA), butylated hydroxytoluene, bicinchoninic acid solution, copper (II) sulfate solution, bovine serum albumin, 2 0 ,7 0 -dichlorofluorescein diacetate (DCF-DA), 2, 2 0 -azobis(2-amidinopropane) dihydrochloride (AAPH), and superoxide dismutase (SOD) were purchased from Sigma Chemical Co. (St. Louis, USA). Propionic acid and p-hydroxybenzonic acid methyl ester were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Hydrogen peroxide was purchased from Yakuri Pure Chemicals Co., Ltd. (Kyoto, Japan). Peroxidase was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Drosophila rearing and diets
The Canton S line of D. melanogaster was obtained from the Bloomingston Drosophila Stock Center at Indiana University. The flies were raised at 24 ± 1°C under 55% relative humidity with a 12 h/12 h light/dark cycle. The basal fly diet (1000 mL) was prepared by dissolving 90.6 g sucrose, 68 g yeast, 42.8 g corn meal, 6.5 g agar, 4.5 mL propionic acid, and 10 mL p-hydroxybenzonic acid methyl ester solution (20%, w/v). Control group was maintained with the basal diet, whereas experiment group was fed with an AE-supplemented (1 and 2.5 mg/mL) basal diet.
Preparation of AE
Aronia melanocarpa was purchased from Happy-farmer (Seongnam, Korea) and carefully washed before extraction. Aronia was extracted with 70% acetone (v/v) in a shaking incubator at room temperature for 24 h. Dried AE was obtained after solvent removal followed by lyophilization.
Chemical analysis of AE
Total phenolic content
The total phenolic content of AE was determined by the method of Xu et al. [13] and expressed as milligrams of gallic acid equivalents (GAE) per gram AE.
Total flavonoids content
The total flavonoid content of AE was determined using the method reported by Kim et al. [14] and expressed as milligrams of catechin equivalents (CAE) per gram AE.
Total anthocyanins content
Total anthocyanin content in AE was determined using the pH differential method [15] . In brief, absorbance of sample was measured at 520 and 700 nm in buffers at pH 1 and 4.5 using a spectrophotometer (Amhersham Pharmacia Biotech, Little Chalfont, UK) and the total anthocyanin content was calculated based on following formula:
Cyanidin-3-glucoside (C3G) with a molar extinction coefficient of 29,600 L/cm mol and molecular weight of 449.2 g/mol was used as standard and the result was expressed as milligrams C3G equivalents/per gram AE.
Total proanthocyanidins content
Total proanthocyanidin content in AE was determined by vanillin method [16] using catechin as a standard and the result was expressed as milligrams proanthocyanidin per gram AE.
Oxygen radical absorbance capacity (ORAC)
The ORAC value of AE was determined by the method of Kurilich et al. [17] with a slight modification. In brief, sample (20 lL) and fluorescein (120 lL at a final concentration of 70 nM) were mixed in 75 mM phosphate buffer (pH 7.4) and pre-incubated for 15 min at 37°C in a microplate reader (Biotek Instruments Inc., Winooski, VT, USA). AAPH solution (60 uL, 40 mM) was added to the assay mixture and the fluorescence intensity was recorded at an excitation wavelength of 485 nm and an emission wavelength of 520 nm for 80 min with 1 min interval. The results were calculated as the area under curve and expressed as Trolox equivalents (TE) per gram AE.
In vivo bioassays
Lifespan assay
Male flies (1-3-day old, 200 flies/group) were randomly allocated to groups, and the lifespan of each fly was individually assessed by recording the age of spontaneous death. The dead flies were counted every 2-3 days, and the remaining live flies were placed in new vials and fed with fresh diet twice each week. The entire life span assay was replicated.
Gustatory assay
Male flies (1-3 days old) were reared in vials containing standard diet with or without AE for 10 days (100 flies/group). In the gustatory assay, flies were transferred into new vials with diet containing bromophenol blue (0.05%, w/v). After feeding for 24 h, the flies were transferred into Eppendorf tubes and washed with PBS, and then homogenized with 0.5 mL of distilled water. The supernatant was collected and absorbance of sample was measured at 595 nm using a microplate reader.
SOD activity assay
Flies (50 flies/group) were homogenized in ice-cold 0.1 M Tris-HCl buffer (500 lL, pH 7.8) containing 0.5% Triton X-100 using a pestle and mortar. The supernatant was obtained after centrifugation at 12,0009g for 10 min at 4°C. SOD assay kit (Dojindo, Japan) was used to measure the SOD activity.
Catalase (CAT) activity assay
Flies (50 flies/group) were homogenized as described for the SOD assay. Hydrogen peroxide solution (25 lL, 400 mM) was mixed with the supernatant from the fly homogenate (10 lL) and allowed to react for 1 min. Sodium azide (900 lL, 15 mM) was then added to stop reaction, and the reaction mixture (10 lL) was mixed with 270 lL of color reagent (2 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid and 0.25 mM 4-aminoantipyrine) and 20 lL of fresh peroxidase (25 unit/mL). After 15 min, the absorbance of each sample was measured at 520 nm.
Glutathione peroxidase (GPx) activity
Flies (50 flies/group) were homogenized in 500 lL of TrisHCl buffer (50 mM, pH 7.5) containing 5 mM ethylenediaminetetraacetic acid and 1 mM dithiothreitol and were centrifuged at 10,0009g for 15 min at 4°C. The supernatants were transferred into new tubes and the GPx activity was determined using an assay kit (Cayman Chemicals, Ann Arbor, MI, USA) according to the manufacturer's protocol.
Lipid hydroperoxides (LPO)
Lipid peroxidation was measured using the TBA reaction method [18] . Flies (50 flies/group) were homogenized in 0.1 M sodium phosphate buffer (pH 7.4) and 5% butylated hydroxytoluene and centrifuged at 45009g for 10 min at 4°C. The supernatant (50 lL) was reacted with 150 lL acetic acid (pH 3.5, 20%), 150 lL of TBA (0.2%, w/v), 20 lL of 8% sodium lauryl sulfate. The mixture was heated in a water bath at 95°C for 1 h and 300 lL of 1-butanol was added to the reaction mixture. The absorbance of each sample was analyzed at 532 nm and calculated as malondialdehyde (MDA) equivalents using 1,1,3,3-tetramethoxypropane as a standard.
Reactive oxygen species (ROS)
The ROS levels were determined in the head and body regions using the DCF-DA method [19] . Fluorescence was measured using a microplate reader with excitation of 485 nm and emission of 640 nm. The relative ROS levels were calculated based on the ratio between control and AE treatments.
Climbing ability
A climbing ability test was performed to evaluate changes in the locomotor function with age. Flies (20 flies/group) were gently tapped the bottom of the vial (2.3 9 9.5 cm) and allowed to climb up to the top of the vial for 20 s. The number of flies that could climb up over 7 cm from the bottom to the top was counted at the end of each experiment. The assay was performed three times on days 10 and 40.
mRNA expression levels
Total RNA was extracted from flies (20 flies/group) using a Quiazol (Quiazen Sciences, Maryland, MD, USA). The cDNA was constructed from RNA samples (A260/ A280 [ 1.6) using a high capacity RNA-to-cDNA kit (Applied Biosystems, Foster city, CA, USA). Quantitative realtime PCR (qRT-PCR) was performed using a StepOne Plus real time PCR system (Applied Biosystems) with gene specific TaqMan Ò probes and primers. For DNA amplification, the initial denaturation cycle was performed at 90°C for 20 min, followed by 40 amplification cycles at 95°C for 1 min and 60°C for 20 min. Quantitative analyses of the PCR products was carried out using the comparative cycle threshold method described in the StepOne Plus manual and 
Statistical analysis
All assays were performed in triplicate unless indicated otherwise. Data were expressed as the mean values ± standard error (SE), and statistical analyses were performed using SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA). Kaplan-Meier test was used to detect significant differences in the lifespan curves and an independent t test was performed at p \ 0.05.
Results and discussion
Antioxidant compounds and antioxidant activity of AE
The major antioxidant components in AE are shown in Table 1 . Total phenol content of AE (105 mg GAE/g) was similar to that of an ethanol extract (110 mg GAE/g) of previous report [20] . Aronia melanocarpa is well-known as a rich source of anthocyanins and proanthocyanidins. However, anthocyanin and proanthocyanidin contents of AE vary greatly according to different studies [20, 21] . This is probably due to differences in the cultivars, habitat, maturation stages and extraction methods employed [22] . The antioxidant activity determined by ORAC assay was 50 TE lmol/g extract. A strong positive relationship has been demonstrated between antioxidant activities and total proantocyanidin and anthocyanin content of AE [23] .
Effect of AE supplementation on lifespan and locomotor activity
The primary hypothesis tested in the present study was whether AE supplementation could extend the lifespan by reducing oxidative stress. The effect of AE supplementation (1 and 2.5 mg/mL) on the lifespan of flies was determined. As shown in Fig. 1(A) , both AE 1 and AE 2.5 supplementation increased maximum lifespan by 9% compared with control group. However, the median and mean lifespan were only increased significantly from 51 to 60 days with AE 2.5. Therefore, AE 2.5 was selected for use in the subsequent experiments. Gustatory assay based on the intensity of the dye (bromophenol blue) consumed by flies during feeding for 24 h indicated that there was no significant difference in food intake between groups (Fig. 1B) . The mean lifespan extension obtained using AE 2.5 was 18% and it was greater than observed in previous supplementation studies, e.g., in comparison with the control diet, supplementation with 20 mg/mL cranberry anthocyanin extract or 5 mg/mL blueberry extract prolonged the mean lifespan by 10% [7, 8] . A direct comparison is not possible, but AE supplementation obtained good performance even at a low dosage. The greater lifespan extension obtained with AE compared with that using anthocyanin rich cranberry or blueberry extracts is possibly related to the combined effect anthocyanins and proanthocyanins. Thus the relative contributions of the anthocyanins and proanthocyanidins in AE should be clarified further in the future. It has been demonstrated that degradation of the locomotor activity by flies is closely associated with aging [24] . A climbing ability assay was performed on days 10 and 40 days as an indicator of locomotive activity. The climbing ability was decreased significantly with age and it was significantly higher in the AE 2.5 supplementation group on both days 10 and 40 (Fig. 2) . This finding suggests that AE supplementation ameliorates the aging associated impairment of locomotor activity.
The strong inverse relationship between aging and locomotor ability has been validated in various species including flies. In particular, vertical climbing has been suggested as a good indicator of physical fitness [25] . According to the results of climbing ability test, we found that AE supplementation was helpful in maintaining locomotor activity on day 40 day (Fig. 2) . This suggested that dietary AE supplementation not only improves longevity and contributes to improving the health. In accordance with our results curcumin supplementation (250 lM) significantly improved spontaneous locomotion and climbing ability in 5-week-old flies [26] . 
Effects of AE supplementation on antioxidant enzyme activities and oxidative stress
The effect of AE 2.5 supplementation on the antioxidant enzyme activities was evaluated on days 10 and 40. As aging progressed, the levels of all the antioxidant enzymes significantly decreased in all groups. The activity of SOD, the first enzyme to remove superoxide anion was significantly higher in the AE 2.5 group than that in the control group on days 10 and 40 (Fig. 3A) but CAT activity was only significantly greater in the AE 2.5 group on day 40 (Fig. 3B ). The greatest difference between control and AE 2.5 supplementation groups was found in GPx activity on day 40, which increased by 54% (Fig. 3C) . These results suggest that AE 2.5 supplementation was effective in the removal of free radicals from the body and reducing oxidative stress. A plausible mechanism responsible for the anti-aging effect of AE supplementation is reduced oxidative stress. The activities of all the antioxidant enzymes tested, i.e., SOD, CAT, and GPX were significantly higher in the AE 2.5 supplementation group compared with those in the control group. GPx is an endogenous selenium containing enzyme that converts hydrogen peroxide into water, but its role in flies is not fully understood [27] .
AE supplementation decreased the relative ROS and total body LPO levels on day comparison with the basal diet (Fig. 4A, B) . In particular, the accumulation of MDA was 49.3% lower in the AE 2.5 group, which was consistent with the analysis of the antioxidant enzyme activities. A previous study showed that the administration of AE (3 9 100 mg/day) for 2 months has an antioxidant effect on patients with metabolic according to significant differences observed in the GPx, SOD, and lipid oxidation products levels [28] .
Effect of AE supplementation on age related gene expression
Polyphenolic compounds not only directly remove ROS but also induce the expression of endogenous antioxidant enzymes [29] . The changes in gene expression associated with oxidative stress and longevity were assessed by qRT-PCR. As shown in Fig. 5 , the gene expression levels of antioxidant enzymes, including SOD1, SOD2, and CAT were significantly increased by AE 2.5 supplementation. The upregulation of antioxidant gene expression agreed with the greater resistance to oxidative stress. Li et al. [30] reported that green tea catechins extended the lifespan of flies by upregulating the activities of SOD and CAT. The over-expression of SOD or CAT alone marginally increased the lifespan in flies but the overexpression of both SOD and CAT was much more effective in extending the lifespan [31] . This result suggests that balance between SOD and CAT is important for decreasing oxidative stress. In terms of longevity genes, the expression levels of Hsp68, l(2)efl, and Jafrac1 were significantly increased but there was no differences in the expression levels of MTH, GstD1 and bsk. The increased expression of stress resistance genes such as Hsp68 and l(2)efl probably favored Fig. 3 Effects of AE 2.5 supplementation in Drosophila on the activities of (A) superoxide dismutase (SOD), (B) catalase (CAT), and (C) glutathione peroxidase (GPx) on days 10 and 40. Data are expressed as the mean ± SE, where * and **indicate significant differences within the same age at *p \ 0.05 and at **p \ 0.01, respectively lifespan extension. It has been reported that MTH encodes a G protein-coupled receptor and is one of the major contributors to lifespan extension in MTH mutant flies [32] . However, Peng et al. [8] failed to find differences in MTH gene expression levels, although a significant lifespan extending effect was observed after theaflavin supplementation. In the present study, there was no significant difference in MTH gene expression levels between control and AE 2.5 groups. Hsp is a molecular chaperone that combats thermal and oxidative stress and it is involved in lifespan and stress resistance during aging [33] . The induction of l(2)efl also improves the resistance to oxidative stress and protects against age-related neuron damages [34] The AE supplementation significantly upregulated these two genes belonging to the heat shock protein family. Jafrac1 is a peroxiredoxin family member that detoxifies peroxide and possibly increases the lifespan in flies [35] . Taken together, AE-induced longevity extension in flies may occur by modulating the Jun-N-terminal kinase signaling pathway because Hsp68, l(2)efl, and Jafrac1 are central target genes of this pathway. AE is a natural antioxidant mixture containing various polyphenols and flavonoids including anthocyanins and proanthocyanidin. Liu [36] reported that combination of phytochemicals can provide greater health benefit than single antioxidant compound by additive and synergistic effect. AE supplementation can extend the lifespan and has anti-aging effects in Drosophila melanogaster. The extended longevity and improved locomotion in files supplemented with AE 2.5 were probably due to increases in the level of antioxidant enzymes (SOD, CAT, and GPx) and the expressions of stress resistance genes (Hsp68, l(2)efl, and Jafrac1). Effects of AE 2.5 supplementation in Drosophila on the relative expression levels of antioxidant and longevity genes on day 40. SOD1 copper-zinc containing superoxide dismutase, SOD2 manganese containing superoxide dismutase, CAT catalase, MTH Methuselah, GstD1 glutathione S transferase D1, Hsp68 heat shock protein 68, l(2)efl lethal (2) essential for life, bsk basket, Jafrac1 thioredoxin peroxidase 1. The gene expression levels were normalized against that of RpL32, a house keeping gene. Data are expressed as the mean ± SE, where * and ** indicate significant difference at *p \ 0.05 and at **p \ 0.01, respectively
